• Substantia nigra dopamine neurons projecting to the striatum regulate mood.
Introduction
Increased activity of brain dopamine (DA) induces euphoria and approach motivation, while decreased DA activity induces dysphoria and withdrawal-like conditions [1] [2] [3] [4] . This view of DA's functions has been derived, in part, from research on drugs of abuse, and thus DA is thought to play a key role in reward action of abused drugs [5] [6] [7] . In addition, DAergic dysfunction has been implicated in affective disorders [8] [9] [10] [11] [12] [13] [14] .
The roles of DA activity in motivation and reward are generally attributed to the mesolimbic DA system, consisting of DA neurons localized in the ventral tegmental area (VTA) projecting to the ventral striatum (VStr) [1, 2] (But see [15] ). However, recent optogenetic studies utilizing transgenic mice has produced strong evidence suggesting that reward is readily induced not only by stimulation of the mesolimbic DA system, but also the nigrostriatal DA system [16, 17] , consisting of DA neurons localized in the substantia nigra pars compacta (SNc) projecting to the dorsal striatum (DStr, also known as the neostriatum or caudate-putamen). These findings suggest an underappreciated role of the nigrostriatal DA system and thereby the basal ganglia (BG) in motivational functions. The view that the functional roles of VTA and SNc DA neurons are not dichotomous is consistent with a recent observation that essentially the same brain regions provide afferent inputs to DA neurons of both the VTA and SNc, although their input degrees from each region differ between them [18] .
Human research has emphasized the role of the nigrostriatal DA system and the BG in movement regulation, whose dysfunction leads to disorders such as Parkinson's and Huntington's. In addition, evidence is accumulating for the involvement of the nigrostriatal DA system and BG in motivation, whose dysfunction may lead to depressed mood, apathy and anhedonia [19, 20] . For example, post-stroke damage in the DStr, pallidum or BG-associated thalamo-cortical regions often result in depression and related symptoms [21] [22] [23] [24] [25] [26] . Deep brain stimulation at the subthalamic nucleus of Parkinson's patients can produce side effects including improved mood, hypomanic state or apathy [27] [28] [29] [30] . Imaging studies revealed that depression is correlated with smaller volumes of the BG and related brain regions [31, 32] . Moreover, activation of the DStr is correlated with drug craving [33, 34] , drug euphoria [35] and happiness [36, 37] . Importantly, electrical stimulation administered at the DStr can be pleasing and is self-administered in humans [38, 39] .
We will discuss a model describing the relationship between DA concentration of the striatum and approach motivation, and then propose a model describing circuit loops involving both VTAand SNc-striatal DA systems and associated BG-thalamo-cortical and BG-habenulo-mesencephalic structures involved in regulating motivation. We hope to provide insights for understanding neural mechanisms underlying drug euphoria, craving and affective disorders.
DAergic regulation of mood and approach motivation

Approach motivation, reward and reinforcement
Before discussing motivational state in relation to these structures, it is important to clearly define the terms: approach motivation, reward and reinforcement. Particularly, DA's role in reward has been controversial. Disagreements may have arisen from differences in the focus of research (e.g., drugs vs. food), definition, or assumptions. The present paper does not make the following assumptions: One, DA only has a single effect on behavior; and two, reward is a homogeneous phenomenon. Therefore, DA can be involved in reward even if it does not alter food consumption or orofacial reaction to food.
The fundamental property that distinguishes animals from plants is that animals have the ability to approach life-sustaining things or events (i.e., rewards) and withdraw from life-threatening things or events. In the present paper, the term approach behavior is used to represent a broad set of responses, such as exploration and reward-reinforced instrumental responding. Likewise, withdrawal behavior includes responses such as freezing, escape, and their associated internal states. We assume that approach and withdrawal processes are mutually inhibitory. Furthermore, engaging in approach and withdrawal behaviors is accompanied by positive and negative mood states, respectively, and are positively and negatively reinforcing [3, 40] .
We define reward, using behavioral terms, in two ways: First, rewards are external things or events that produce and reinforce approach behavior. In addition, reward is an induced internal state that produces and reinforces approach behavior [3, 4] . While positive reinforcement involves learning about the relationship between environment and behavior in the interest of procuring rewards [41] , reward concerns not only reinforcement, but also the aroused, motivated state that drives approach behavior. Biologically important things or events trigger not only reinforcement, but also arousal that increases attention to and interaction with the environment [42] [43] [44] . Thus, reward refers to internal state reflecting both reinforcement and arousal concerning approach behavior.
Motivation and the VTA-VStr DA system: Pharmacological studies
Evidence for the role of DA in reward and approach motivation is strongly supported by research on drugs of abuse [1, 2, [4] [5] [6] [7] . Psychostimulant drugs such as cocaine block the DA uptake system, and other psychostimulants like amphetamines stimulate DA release and block the DA uptake system. Thus, administration of these drugs markedly increases extracellular DA concentrations in the striatum, especially the VStr [45] . These properties are critical for their rewarding effects, as systemic injections of DA receptor antagonists readily modulate self-administration. Low doses of DA receptor antagonists increase intravenous self-administration of cocaine or amphetamine, probably due to compensatory responding for drugs' arousing effects discounted by the antagonists. On the other hand, high doses of DA receptor antagonists diminish such self-administration behavior [46, 47] . Selective reduction of DA transmission with intra-VStr injections of DA receptor antagonists or 6-OH-DA lesions of VStr DA terminals also reduces or diminishes self-administration of these drugs, depending on the dose [48] [49] [50] [51] [52] . Interestingly, intracranial self-administration studies further indicate that of psychostimulant drugs preferentially act on the medial, rather than the lateral, part of the VTA-VStr DA system with respect to reward [2, 53] . Psychostimulant drugs or DA receptor agonists are preferentially self-administered into the medial accumbens shell and medial olfactory tubercle over the core, lateral shell or lateral olfactory tubercle [54] [55] [56] [57] [58] [59] . Consistently, systemic administration of psychostimulant drugs such as cocaine or amphetamine increases extracellular DA concentration in the medial VStr more than the lateral VStr [60, 61] . Because the medial and lateral VStr largely receive DA projections from the posteromedial and anterolateral parts of the VTA, respectively [2] , these studies suggest that psychostimulant drugs preferentially activate the medial part of the VTA-VStr DA system for reward. In addition, increased VStr DA activity augments approach behavioral processes [1] . For example, microinjections of amphetamine into the VStr increase approach responding rewarded by conditioned stimuli [62] or unconditioned visual stimuli [63] .
Conversely, decreased DA transmission, particularly in the VStr, induces aversion and disrupts approach behavior [1] . Anecdotal reports indicate that administration of neuroleptics, which block D 2 receptors, produces aversion in psychiatric patients. Consistently, microinjections of the D 1 receptor antagonist SCH 23390 into the VStr induce conditioned place aversion [64] . Similarly, high doses of the D 2 receptor agonist quinpirole injected into the VTA, stimulate DA autoreceptors, decrease VTA-VStr DA activity, and induce aversion [65] . Moreover, low doses of quinpirole injected into the VTA block conditioned place preference induced by food even though they do not decrease food intake [65] . Furthermore, the DA receptor antagonist flupentixol injected into the VStr decreases approach responding rewarded by sucrose even though the same injection does not reduce sucrose intake [66] . Intra-VStr DA antagonists do not disrupt movement processes per se, but the integration of environmental stimuli for approach behavior [67, 68] .
The observation that severe reduction of DA activity not only disrupts approach behavior, but also induces aversion raises a question over whether reduction of brain DA activity merely reduces approach motivation or produces the opposite of approach motivation, namely withdrawal motivation. Reduced DA activity does not produce notable stress, anxiety or fear responses. Consistently, Fiorillo showed that the presentation of cues signaling aversive stimuli plus reward does not readily reduce DA neuron activity compared to the presentation of reward cues alone; thus, DA neurons activity does not seem to encode aversiveness [69] . The role of the DA system in mood regulation may be characterized by the tugging hypothesis, in which mood state is regulated by multiple systems tugging each other in the direction of either positive or negative states [4] . The activation of the DA system pulls mood state in a positive direction, while the activation of other systems pulls it in negative directions. Inhibition of the DA system results in the imbalance of mood homeostasis in a negative direction, thereby aversion.
Motivation and DA: Optogenetic studies
Optogenetic studies confirmed the pharmacological findings that the VTA-VStr DA system is important in mood regulation. The rewarding effects of VTA DA neurons are shown with conditioned place-preference or self-stimulation procedures involving viral delivery of the opsin channelrhodopsin2 into the VTA of THCre or DAT-Cre rodents [16, [70] [71] [72] [73] . Moreover, stimulation of DA neurons at terminals in the nucleus accumbens is rewarding [74] . In addition, inhibition of VTA DA neurons with photostimulation involving halorhodopsin induces aversion as shown by place avoidance [16] .
Previously, electrical stimulation studies have suggested that SNc DA neurons are involved in reward [15] . In particular, rats learn instrumental responding when rewarded with electrical stimulation in the vicinity of the SNc [75] [76] [77] . However, electrical stimulation activates neurons whose cell bodies are not necessarily located in the vicinity of the electrode tip through fibers of passage [78] [79] [80] ; therefore, it is difficult to interpret the data. Optogenetic studies verified that excitatory photostimulation of SNc DA neurons is not only rewarding, but can be as rewarding as that of VTA DA neurons [16, 17] . While recent studies indicate that activation of sub-populations of VTA DA neurons are associated with aversive functions [81] [82] [83] , they may not project to the striatum. In any case, the net effect of activating VTA or SNc DA neurons is rewarding. In addition, optogenetic inhibition of SNc DA neurons at the level of their cell bodies or DStr terminals induces aversion, effects comparable to that of VTA DA neurons [16] . Therefore, these new studies indicate that SNc DA neurons are involved in reward and aversion much like VTA-VStr DA neurons.
Motivational state altered by manipulations of SNc DA neurons is most likely mediated by the DStr, as the vast majority of SNc DA neurons projects to the DStr [84] [85] [86] . Moreover, as discussed above, inhibition of DA release in the DStr with an optogenetic procedure induces aversion [16] , and stimulation of DStr neurons are rewarding [87] [88] [89] . It is unclear at this time whether there is a difference in affective processes within the DStr, as it is a large structure with major topographic differences in inputs and outputs. First of all, functional anatomical data suggest that the medial part of the DStr is more important than the lateral DStr in affective functions, because the medial, but not lateral, DStr receives inputs from the prefrontal cortex and amygdala, which are strongly implicated in affective functions [32, [90] [91] [92] . However, the lateral DStr may still be involved in affective processes, because electrical stimulation of the lateral DStr induces reward as shown by selfstimulation behavior [87, 88] . In summary, optogenetic studies have found that activation and inactivation of the SNc-DStr DA system induce reward and aversion, respectively. The DStr is most likely the primary structure that mediates rewarding effects of SNc DAneuron stimulation, though it is unclear whether the whole DStr is involved in reward and aversion.
In passing, it should be noted that pharmacological research has consistently shown that psychostimulant drugs and other related drugs preferentially alter the activity of the medial VStr-VTA DA system for reward and motivation ( [2] ; see Section 2.3). In light of recent optogenetic findings, it is important to investigate why such drugs alter the medial VTA-VStr DA system more effectively than the lateral VTA-VStr or SNc-DStr DA systems for motivational functions.
Extracellular DA concentration alters approach motivation
While phasic activity of DA neurons and thereby phasic DA release has been implicated in reinforcement learning [93] [94] [95] [96] , both phasic and tonic DA activity appear to be involved in motivational state. We will first review research on intravenous drug self-administration and then recent findings in optogenetic research.
Intravenous self-administration of psychostimulant drugs
The unit dose of drugs such as cocaine and amphetamine will reliably predict the rate of self-administration behavior. High unit doses of such drugs produce low response rates, while low unit doses produce high response rates. That is, animals withhold responding until blood concentration of the drug falls below a certain concentration. Thus, intravenous self-administration rates for drugs are remarkably constant and depend on how fast drugs are eliminated from the system [97] [98] [99] . High unit doses do not appear to induce aversion or discomfort that stops self-administration, because animals acquire self-administration with high unit doses faster and more reliably than low unit doses [100] . Such observation Well-trained animals exhibit an approach response as soon as a drug session starts, and make several responses relatively quickly at the beginning of the session, so-called "loading" phase, followed by slow, steady responding (the "maintenance" phase). When the drug session is suddenly terminated, animals exhibit conditioned responses relatively frequently for the next few minutes until DA concentration falls below the priming threshold. Filled red arrows indicate when conditioned approach responses are rewarded by intravenous drug injections, while empty arrows indicate when conditioned responses are not rewarded.
gave rise to the concepts of "drug satiety" [46, 101] and "compulsive zone" [102] . Drug self-administration is suppressed when drug concentration in the system remains high, a phase referred to as the satiety zone (Fig. 1 ). Below the satiety threshold is the compulsive zone, where animals exhibit compulsive conditioned responding. The lower limit of the compulsive zone is the "priming threshold" below which drug concentration will not maintain conditioned responding, or reinstate extinguished responding.
Response rates predicted by the drug concentration depend on drugs' property to increase DA concentration. That is, drug concentration in the system modulates extracellular DA concentration, which in turn determines response rates. Microdialysis studies found that response rates for cocaine or amphetamine increase from almost zero to very high when extracellular DA concentration in the VStr falls below a certain level, i.e., the satiety threshold, whose concentrations are several-fold greater than baseline DA concentrations [101, 103] . As discussed above, moderate doses via systemic injections or, more selectively, intra-VStr injections of DA receptor antagonists shorten interreinforcement intervals for drug self-administration [46] [47] [48] [49] . Importantly, perfusion of D 1 and D 2 DA receptor agonists into the VStr prolongs inter-reinforcement intervals for cocaine selfadministration [104] . Since this effect was found with infusions into the core, but not the medial shell, there may be a sensitivity difference among VStr regions in controlling response rates. In summary, these data suggest that high extracellular concentration of VStr DA inhibits conditioned reward-seeking, while moderately high concentration energizes conditioned rewardseeking.
It should be noted that the prolonged high DA concentration that accompanies the satiety zone (Fig. 1 ) may be unique to abused drugs. Once in the system, abused drugs remain in the system for several minutes to hours, altering the synaptic activity of their targets. Without the drugs' property of remaining in the system, DA concentration would not be maintained at high levels for a prolonged period of time. For example, when hungry animals unexpectedly find food in a novel environment or cues signaling the availability of food, striatal DA concentration tonically increases to no more than 200% of baseline, as detected by microdialysis [105, 106] . Phasic increases triggered by food-related stimuli are thought to be greater, however it is hard to measure phasic increases in terms of percentage, because phasic DA is detected by voltammetry procedures, which typically do not specify absolute DA concentration, but relative change from a baseline. Similarly, sexual stimuli may not tonically increase DA concentrations much more than 200% [107, 108] . Thus, natural stimuli do not appear to produce and maintain the 1000%-above-baseline DA concentrations like psychostimulant drugs readily do. In addition, phasic and tonic increases of DA concentration induced by food will dissipate over repeated sessions even if animals are hungry, given that the repeated sessions occur in a predictable manner, whereas drug-induced increases in DA concentration do not depend on the predictability and are replicated over repeated sessions [1] . These differences in DA activity between psychostimulant drugs and natural rewards may have contributed to disagreements regarding the role of DA in reward between investigators of drugs and natural rewards.
Optogenetic excitation of DA neurons, reward and self-stimulation
While the drug research presented so far suggests that tonic activity of DA transmission is necessary for reward, a recent optogenetic study suggests that phasic excitation of DA neurons is sufficient for reward. Tsai et al. [70] compared the effects of photostimulation consisting of 25 pulses delivered at 1 Hz, referred to as "tonic" stimulation, with those of 25-pulse stimulation at 50 Hz, referred to as "phasic" stimulation, and found that 50-Hz stimulation produces conditioned place-preference, whereas 1-Hz stimulation does not. Although it is not realistic to expect that DA neurons fire 25 times continuously at 50 Hz in any natural setting, the take-home-message of the study is that phasic surge, without lasting elevation of DA concentration, is sufficient for inducing reward. However, it is misleading to conclude that phasic, but not tonic, activity of DA induces reward in light of psychostimulant drugs' action as reviewed above. Rather than the notion of phasic vs. tonic activity, the key notion is extracellular DA concentration (Fig. 1) . That is, the 25-pulse train delivered at 50 Hz elevates DA concentration to a level sufficient for reward, whereas the 25-pulse train at 1 Hz does not, due to the fast action of the DA uptake system [109, 110] . The 50-Hz, but not 1-Hz, train releases DA faster than the uptake system can eliminate it, resulting in a high extracellular DA concentration [111] . Fig. 2A describes how DA concentration changes as a function of pulse number and pulse frequency with stimulation parameters used in recent optogenetic self-stimulation studies [16, 72] . A train of 4 light pulses (25 Hz with 10-ms pulse duration) applied at the VTA should increase and decrease VStr DA concentration in a sub-second order [71, 111] (Fig. 2A) . These fast changes in DA concentration as a function of photostimulation seem to explain a large part of why mice self-administer excitatory photostimulation to DA neurons. Fig. 2B depicts a model describing the relationship between DA concentration and reward-seeking behavior. This model is essentially the same as that for psychostimulant drugs blocking DA uptake system ( Fig. 1) with the exception of timescale: Increased DA-concentration caused by pulse-stimulation of VTA DA-neurons decreases rapidly on a sub-second order because of highly competent uptake system in the absence of any DA-uptake blocker. If multiple stimulation pulses are delivered rapidly, they presumably increase DA concentration high enough to alter the motivational state of the responder and reinforce its responding. This model is consistent with fast, compulsive patterns of selfstimulation behavior with DA-neuron photostimulation [16, 72] (Fig. 2C) , since photostimulation not only reinforces, but also energizes responding. It is also consistent with the following observations: rapid extinction with DA-neuron photostimulation (Fig. 2D) and poor maintenance of self-stimulation with an interval of one second or longer (Fig. 2E) . This is because phasically released DA is removed rapidly from extracellular space and its concentration decreases to the level below the priming threshold, at which the motivational effect of photostimulation diminishes. Although a train of 8 or 16 pulses increases VStr DA concentration much more than a 4-pulse train ( Fig. 2A) , self-stimulation rates between the trains do not differ significantly with a continuous reinforcement procedure (Fig. 2E) . However, when animals have to wait one second for the next reinforcement, the 16-or 8-pulse train sustains self-stimulation behavior better than the 4-pulse train, and the 16 pulses better than 8 pulses, presumably because the 16-and 8-pulse trains elicit a greater concentration of DA, prolonging the compulsive zone, thereby producing persistent conditioned responding [72] . It should be noted that these properties of DA concentration are short-lasting; other longer-lasting mechanisms (i.e., reinforcement) involving synaptic or morphological changes also participate in regulation of conditioned responding.
This model can explain the sustained activity of midbrain DA neurons or striatal extracellular DA observed in behavioral experiments involving electrophysiology or voltammetry recordings. Fiorillo et al. [112] found that DA neurons display sustained activity between the presentation of cues predicting rewards and the delivery of rewards. This tonic anticipatory activity depends on the probability of reward delivery. Uncertain reward delivery may prompt a heightened motivational state attempting to increase the probability of gaining rewards. Similarly, Howe et al. [113] found ramping of striatal DA concentration as rats approached a reward on a runway. Our model explains that elevated DA concentration is needed to sustain conditioned responding toward reward; without it, behavior is no longer goal-directed.
In addition, this model incorporates the effects of reduced striatal DA transmission. As noted above, aversion, anhedonia and hypoactivity can be induced by intra-VTA injections of the D 2 receptor agonist quinpirole that reduces tonic activity of VTA DA neurons [65] , or optogenetic inhibition of VTA or SNc DA neurons [16] .
In summary, this model describes the relationship between extracellular striatal DA concentration and the regulation of approach motivation, including reward and aversion. Although we have described the model (Fig. 2B) as explicitly as possible, the obvious next step would be to incorporate these findings into computational models (e.g., [114, 115] ).
Circuit loops mediating motivational state altered by DA
While neural spiking occurs in the order of milliseconds, motivation is regulated in the order of seconds or longer in healthy individuals and lacks adaptive changes in individuals with affective disorders or state altered by drug administration. The brain must have ways to maintain approach state, which depends on the orchestrated activity of many brain regions, to coherently influence ongoing sensation, perception, decision-making and actions. One such mechanism may be circuit-loop organizations, which help to coordinate the activity of many brain regions. Motivational state altered by DA or the lack of DA may influence large-scale loops involving a number of structures ranging from the lower brainstem to the cortex. Indeed, the VTA-VStr and SNc-DStr DA systems appear to be components of large-scale circuit loops involving the BG, midbrain, thalamic and cortical structures. These loop organizations have been discussed for motor processes and movement disorders [116, 117] as well as motivation and reinforcement [117] [118] [119] [120] . The aim of this section is to review the structural connectivity of the BG and associated structures, and to discuss them with respect to DA activity and mood state. We will focus on the medial half of the BG and associated structures, because it is unclear at this time whether the lateral BG, which is most strongly associated with sensory-motor functions, participates in motivation. The proposed model is tentative and meant to be constantly updated with new research.
Common structural organization between the nucleus accumbens and olfactory tubercle
Let us start with the nucleus accumbens and olfactory tubercle, and discuss the role of the VP in mediating their motivational functions. The nucleus accumbens has been studied extensively as a key target of DA for reward and motivation [1] . However, its downstream circuits are not clearly understood for motivation and reward/aversion. Accumbens neurons project to many structures in the forebrain, midbrain and hindbrain, including the VP, sublenticular extended amygdala, entopeduncular nucleus (EP), lateral preoptic area, lateral hypothalamic area, VTA, SNc, substantia nigra pars reticulata (SNr), retrorubal area, pedunculopontine tegmental area, periaqueductal gray and parabrachical area [121] [122] [123] . Because of this diverse connectivity, it has been difficult to establish which downstream structures underlie the motivational functions of accumbens DA signals [124] . Importantly, intracranial selfadministration studies have found that psychostimulant drugs are self-administered into not only the nucleus accumbens, but also the olfactory tubercle [2, 56, 57] . Moreover, increased DA transmission in the olfactory tubercle augments approach behavior [63] . The olfactory tubercle contains medium-size spiny projection [111] . A train of 4 light pulses delivered at 25 Hz rapidly increases DA concentration (a). A train of 8 pulses increases DA concentration more so than 4 pulses (b). However, when an 8-pulse train is delivered at a slower rate of 12.5 Hz, DA concentration does not increase as high as that of the 8-pulse/25-Hz train (c). Extracellular DA is removed as it is released from the cell. Thus, DA concentration depends not only on the amount of neural firing, but also the firing rate. (B) Hypothetical VStr DA concentration levels during self-stimulation behavior rewarded by photostimulation (8-pulse/25-Hz train) of VTA DA neurons. A response on the lever triggers photostimulation of DA neurons, resulting in an increase of striatal DA concentration, reinforcement, and energization of responding. Compared to responding rewarded by IV cocaine administration (Fig. 1B) , extracellular DA concentration increases rapidly due to photostimulation, and also decreases rapidly due to the absence of DA uptake blockers. (C) The cumulative responses rewarded with photostimulation (15-pulse/25-Hz train) of VTA DA neurons of a representative mouse. When the cumulative lever-press count reaches 250, the count is reset at 0, and the angle of the cumulative-lever-press line indicates the rate of lever-press. Slashes indicate the time point of photostimulation reinforcement. (D) Rapid decrease in lever-pressing during extinction. When a group of mice trained to self-stimulate with VTA photostimulation (15-pulse/25-Hz train) underwent an extinction phase for the first time, they decreased response rates quickly. The data are mean with s.e.m. *P < 0.0005, value significantly lower than that of block 1 or 5. (E) Mean lever-press rates are shown as a function of inter-reinforcement interval and pulse number. Responding was rewarded with 2, 4, 8 or 16-pulse trains of photostimulation with the inter-reinforcement interval of 0, 1, 3 or 10 s. Regardless of pulse numbers, the inter-reinforcement interval of 3 or 10 s diminished self-stimulation, while the 0-s interval (i.e., continuous reinforcement) supported constant self-stimulation behavior. All 0-s interval values were significantly greater than respective 3-or 10-interval values (Ps < 0.001). *P < 0.001, significantly greater than its 3-and 10-s values, but not from its 0-s value; #P < 0.05, significantly greater than its 3-and 10-s values, but lower than its 0-s value; +, ∧P < 0.001, not significantly different from its 3-and10-s values, but lower than its 0-s value. Panels C-E are adopted from our published work [72] .
neurons (MSNs) [125] , a defining characteristic of the striatum, receives inputs from the VTA, limbic cortices and limbic thalamus, and sends its outputs to the VP [126] [127] [128] [129] , just like the nucleus accumbens. A key feature of the striatal olfactory tubercle is its exclusive projections to the VP and no other region [129] . Therefore, all the motivational functions of the striatal olfactory tubercle must be mediated through the VP, and therefore, the VP is most likely the key structure that mediates motivational functions of the nucleus accumbens.
Connectivity and functional organization of the BG and associated structures
The BG historically included the DStr, globus pallidus (GP or also known as external or lateral GP), EP (or also known as internal or medial GP), subthalamic nucleus (STh) and SNr (Fig. 3A) . Exact components of the BG differ depending on the investigator and his or her functional focus [116, 117, [130] [131] [132] [133] . The present paper defines the BG as the aforementioned structures plus the VStr and VP, because PV, paraventricular thalamic nulceus; PF, parafascicular thalamic nucleus; RMTg, rostromedial tegmental nucleus; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulata; STh, subthalamic nucleus; VA, ventral anterior thalamic nucleus; VL, ventrolateral thalamic nucleus; VM, ventromedial thalamic nucleus; VP, ventral pallidum; VStr, ventral striatum; VTA, ventral tegmental area. (B) Schematic drawing of topographic organization of the connectivity. Each region is topographically organized, and topography is maintained throughout the BG-thalamocortical regions. (C) General or natural functions of the BG and related structures. Animals produce voluntary behavior to interact with their immediate environment for approaching rewards and avoiding threats. Such adaptive behavior is thought to be controlled by the parallel circuits of the BG-thalamocortical circuit loops. Medial, central and lateral components of the circuit loops are involved in affective (a), cognitive (b) and sensori-motor (c) processes, respectively. For example, when energy homeostasis begins to be compromised, environmental stimuli invite animals to produce exploratory behavior (a), and any distal stimuli that may be a potential energy source triggers more focused approach behavior (b). Meanwhile, as animals move about the environment, approach movements are coordinated by moment-to-moment inputs of sensory information reflecting environmental dynamics (c).
of common connectivity patterns between the VStr and the DStr [126, 127, 134, 135] . That is, like the DStr, the VStr receives cortical inputs and has GABAergic MSNs projecting to a pallidal structure [136] , which, in turn, projects to the thalamus and epithalamus [137] (Fig. 3) . The difference is that the VStr largely projects to the VP, while the DStr projects to VP's lateral counterparts, GP/EP/SNr [138] , which integrate and relay signals from the DStr to thalamic and epithalamic structures.
Over 90% of VStr or DStr neurons are MSNs, which can be largely classified into two types: MSNs that express D 1 receptors and contain substance-P and dynorphin, and those express D 2 receptors and contain enkephalin. For the DStr, D 1 -MSNs project to the GP, EP and SNr, while D 2 -MSNs exclusively project to the GP [139] [140] [141] [142] . D 2 -MSNs projecting to the GP are referred to as "indirect" pathway neurons because the GP projects to other BG structures (i.e., the STh, EP and SNr), rather than out of the BG. However, there is a caveat for this well-established notion of D 2 -MSN projection as indirect pathway: It only applies to projections targeting at the anterior GP. Because the posterior GP projects out of the BG to various brainstem regions [143] , D 2 -MSNs projecting to the posterior GP are not considered part of the indirect pathway. D 1 -MSNs projecting to the EP/SNr are known as direct pathway neurons, because EP and SNr neurons send signals out of the BG, to regions such as thalamic nuclei [144] [145] [146] [147] [148] [149] [150] [151] [152] [153] [154] [155] [156] .
Unlike DStr MSNs, VStr D 1 -and D 2 -MSNs do not appear to have segregated patterns of projection, but both project to the same structure, the VP [135] . If VStr MSNs are organized like DStr MSNs, and their organizations are parallel, the VStr's target VP may be thought of as the undifferentiated medial extension of the GP and EP, and VTA GABA neurons as the un-compartmentalized medial counterpart of SNr GABA neurons. If this view is correct, VP neurons receiving inputs from D 1 -MSNs should project to thalamic nuclei; and VP neurons receiving D 2 -MSN afferents should project to the STh and VTA GABAergic neurons. This is a question that remains to be examined.
As alluded to above, VP, EP and SNr neurons project to thalamic nuclei. Their targets include the paraventricular (PV), parafascicular (PF), central medial (CM), the mediodorsal (MD), ventromedial (VM), ventroanterior (VA) and ventrolateral (VL) nuclei [136, 144, 147, 150, 153, 154, [156] [157] [158] [159] . Glutamatergic neurons of all of these regions project to cortical regions [160] [161] [162] [163] , which in turn, project to the striatum, while glutamatergic neurons of the PV, PF and CM additionally project to the striatum [164] [165] [166] .
In addition to thalamo-cortical routes, the BG also send signals to the lateral habenular nucleus (LHb), whose glutamatergic neurons receive robust inputs from the EP and a lesser extent from the VP [150] [151] [152] [153] . While the VP appears to send inhibitory projections to the LHb, the EP sends both excitatory and inhibitory projections to the LHb [167] [168] [169] [170] . The LHb, in turn, projects to the midbrain. While the medial part of the LHb sends excitatory projections to VTA GABAergic neurons, which can inhibit VTA DA neurons, the lateral LHb sends excitatory projections to the rostromedial tegmental nucleus (RMTg) [171, 172] , which contains GABAergic neurons that send inhibitory signals onto VTA and SNc DA neurons [171, 173] .
Functionally parallel and integrative organization of the BG-thalamo-cortical structures
DA neurons of the VTA and SNc massively project, in a topographic manner, to the entire striatum -i.e., the VStr and DStr [2, [84] [85] [86] 144] , which also receives topographicallyorganized inputs from the entire cerebral cortex (Fig. 3B ) [174] [175] [176] [177] . Importantly, the cortico-striatal topography is maintained throughout the BG and thalamic structures; that is, the cortico-BG-thalamo-cortical structures consist of parallel circuits [117, 130, 131, 178, 179] . In addition, cortico-BG-thalamo-cortical parallel circuits are not completely closed, but organized in such a way that circuits split and send information to immediately adjacent parallel-circuits [180] . Although this point is not critically relevant to the model we discuss below, it is important to keep in mind that parallel circuits are not absolute. Circuit-splits appear to occur in striatal neurons projecting to the VTA, SNc and SNr [122, 123, 178, 181, 182] . VStr neurons project to not only the VP, but also the GP and EP [122, 123] . VP neurons project to not only the VTA and thalamic structures, but also the STh and SNr [137, 183] . Thus, information tends to diverge onto immediately lateral, rather than medial, structures.
The cortico-BG-thalamo-cortical circuitry is popularly divided into three functional units: the medial, central and lateral circuits labeled as limbic (or motivational; Fig. 3C(a) ), associative (or cognitive; Fig. 3C(b) ) and motor (Fig. 3C(c) ) functions, respectively [184] [185] [186] . Of the cortical regions, the medial (or visceromotor) network of the prefrontal cortex [187, 188] has been implicated strongly in motivational processes as in affective disorders [32, 92] . The medial network largely consists of the prelimbic, infralimbic, dorsal peduncular and medial orbital regions, which are strongly connected with each other and with the medial MD and with the basolateral amygdala. The present paper focuses on the BG linked with the medial network of the prefrontal cortex, circuit loops particularly important in mediating motivation. The medial network not only projects to the VStr, but also to the medial part of the DStr, which also receives inputs from the amygdala [189] [190] [191] [192] [193] [194] [195] [196] [197] [198] [199] [200] [201] .
It should be noted that the popular functional divisions are useful as a rule-of-thumb description. However, this functional organization implicitly suggests that each of the functional domains is independent from others. The new data that we discussed in Section 2.4 suggest that much wider areas of meso-striatal DA systems are involved in reward/aversion processes than previously thought. Therefore, we should not exclude the possibility that brain structures known to be involved in cognitive or motor processes can play a role in motivational processes as well. Having that said, it is unclear to what extent these circuits are involved in motivational processes. Therefore, we emphasize the structures connected with the medial prefrontal network as of primary importance for motivation.
Consequences of altered DA concentration on D 1 -and D 2 -MSNs and the BG
DA is not a driver, but a modulator. That is, DA does not decisively alter the neural activity of MSNs in one way or another [202] . Discussed below is a working model that characterizes the role of DA in MSN activity at the population level -rather than the level of individual MSNs -for regulating motivational state. We first present our hypothesis concerning how DA concentration alters the activity of D 1 -and D 2 -MSNs and thalamic neurons for motivation. This hypothesis forms the foundation for our discussion on circuit loops. [203] . Consistently, monkeys treated with MPTP, which damages DA neurons, display abnormally hypoactive external GP neurons and hyperactive internal GP (i.e., EP) neurons [204] . This observation supports the notion that a decrease in striatal DA concentration increases the activity of D 2 -MSNs, which project to the external GP, thereby inhibiting them; decreased DA activity decreases firing of D 1 -MSNs, which project to the EP, thereby disinhibiting them.
In addition, optogenetic excitation of D 1 -MSNs in the striatum has been shown to be rewarding, whereas optogenetic excitation of D 2 -MSNs is aversive [89] . Recent findings using optogenetic or chemogenetic procedures support the view that increased and decreased activity of D 1 -MSNs leads to increased and decreased conditioned approach behavior, respectively, whereas increased and decreased activity of D 2 -MSNs leads to opposite consequences, namely decreased and increased conditioned approach behavior, respectively. Consistently, hyperexcitation of D 1 -MSNs makes mice more sensitive to cocaine reward, whereas hyperexcitation of D 2 -MSNs make mice less sensitive to cocaine reward [205] . Similarly, activation of VStr D 2 -MSNs suppresses both cocaine-taking and -seeking behavior, while inhibition of D 2 -MSNs increases cocaine-seeking behavior [206] . Moreover, selective elimination of D 2 -MSNs enhances the conditioned place preference effects of amphetamine [207] . Consistently, selective inhibition of D 1 -MSNs disrupts the locomotor sensitization effect of repeated injections of amphetamine, whereas selective inhibition of D 2 -MSNs potentiates locomotor sensitization [208] .
Circuit loops
BG circuit loops may stabilize neural activity to maintain an approach motivational state. Discussed below are three complementary and interrelated circuit pathways that may play important roles in maintaining the motivational state regulated by DA signals (Fig. 4) . Fig. 5 details the inter-regional sequence of events for each circuit pathway participating in motivational state. Excited D 1 -MSNs inhibit neurons in the VP, EP, and SNr [209] [210] [211] [212] [213] , while inhibited D 2 -MSNs disinhibit VP/GP GABAergic neurons projecting to the STh, resulting in reduced excitatory transmission from STh neurons projecting to the VP/EP/SNr [214, 215] (Fig. 5A) . Thus, the net effect of increased striatal DA activity is to inactivate VP/EP/SNr neurons projecting to thalamic structures (Fig. 4) . These differential actions of DA on D 1 -and D 2 -MSNs and thereby between direct and indirect pathways are consistent with the finding that simultaneous stimulation of D 1 and D 2 receptors in the VStr is more rewarding than one or the other alone [55] . Moreover, the rewarding effects of DAergic drug administration or stimulation of VTA DA neurons and conditioned approach behavior are attenuated by the blockade of either D 1 or D 2 receptors [55, 56, 58, 67, 68, 74] . In contrast, decreased DA concentration in the limbic striatum should result in opposite consequences, leading to the activation of VP/EP/SNr projection neurons (Fig. 5B ).
BG-thalamo-cortical circuit loops
Certain thalamic regions are strongly linked with the prefrontal cortex, amygdala and VStr, and therefore have been referred to as the limbic thalamus and implicated in affective processes [216, 217] . They include the PV, PF, CM, MD and VM. While VP and EP neurons can be GABAergic, glutamatergic or cholinergic neurons [149, 150, 167, [218] [219] [220] [221] [222] [223] , VP/EP/SNr neurons that project to the limbic thalamus [136, 144, 145, 147, 149, 157, 158, 224] are strictly GABAergic, because electrical stimulation of the VP/EP/SNr results in monosynaptic inhibition of thalamic neurons [225] [226] [227] [228] [229] (Fig. 4a  and b) . These neurons are tonically active; therefore, inhibition of VP/EP/SNr neurons disinhibits limbic thalamic neurons projecting to the striatum and to the cortex, leading back to the activation of striatal neurons (Fig. 6A and B) . We hypothesize that activation of limbic thalamic neurons does not result in equal excitatory activity between D 1 -and D 2 -MSNs, but a greater firing increase in D 1 -MSNs than D 2 -MSNs, because stimulation of the thalamic regions induces reward in rats [230, 231] and humans [38, 39] as shown by self-stimulation behavior. Unfortunately, behavioral data concerning motivational roles of the limbic thalamus are limited, though new data appear promising [232] [233] [234] .
Thalamo-cortical pathways and meso-striatal DA systems appear to affect each other. For example, novel environments, which demand increased thalamo-cortical processing [235, 236] to process potential dangers and opportunities, increase c-Fos expression in VStr and DStr neurons, and do so significantly more with injections of psychomotor stimulant drugs [236] . Consistently, the rewarding and locomotor activity effects of psychostimulant drugs are significantly augmented in a novel environment compared to a home environment [237] [238] [239] [240] .
BG-LHb-midbrain circuit loops
An intravenous injection of cocaine, which increases striatal DA concentration, decreases the activity of LHb neurons for a few minutes, effects that are correlated with reward as shown by conditioned place preference [241, 242] . After this period, LHb neurons no longer display suppressed activity, and some neurons display rebound activation for a few minutes, an effect that is correlated with aversion [241, 242] . These motivational effects of intravenous injections of cocaine can be understood within the context of the BG-LHb-midbrain circuit loops.
The LHb receives glutamatergic and GABAergic inputs from the EP and GABAergic inputs from the VP [167] [168] [169] [170] . It is not known whether VP GABAergic neurons participate in LHb activity after altered concentration of striatal DA. If they do, they must receive afferents from D 2 -MSNs, which are generally inhibited by increased striatal DA concentration, so that VP GABAergic neurons are disinhibited for inhibition of LHb neurons. However, there are no data to support this view. A recent study found that EP projections to the LHb contain both glutamate and GABA; therefore, VP projections to the LHb may also be glutamatergic and GABAergic. Empirical investigation is needed to elucidate these questions.
A clearer understanding is emerging regarding how EP neurons alter the activity of LHb and DA neurons (Fig. 6C) . The rodent EP is organized in such a way that while the posterior part contains GABAergic neurons projecting to the thalamus, the anterior part contains glutamatergic and GABAergic neurons projecting to the LHb [151] [152] [153] [154] 167, 222] . A half of the neurons contain both glutamate and GABA, while 10% contain GABA only, and 40% contain glutamate only [170] . The net effect of activating EP-LHb neurons is excitation, increased LHb glutamate transmission, and in turn, decreased VStr DA concentration and thereby aversion [167, 243] ; consistently, the blockade of glutamatergic inputs to the LHb increases VStr DA concentration [243] .
LHb neurons appear to di-synaptically inhibit VTA/SNc DA neurons: LHb neurons send excitatory projections to GABAergic neurons localized in the VTA and the RMTg; these GABA neurons, in turn, inhibit VTA/SNc DA neurons [244] [245] [246] . Such understanding aroused from the remarkable observation of Matsumoto and Hikosaka, who found an intimate relationship between LHb and DA neurons with respect to reward and reward omission [245] . Whereas DA neurons become more active upon the presentation of unexpected rewards or reward-predicting cues, and become less active upon the absence of expected rewards (omission) or omission-predicting cues [247] , LHb neurons display inverse properties. LHb neurons become inhibited upon the presentation of unexpected rewards or reward-predicting cues, and become excited upon the omission or omission-predicting cues [245] .
However, it is unclear how exactly GABAergic neurons control DA neurons. VTA GABA neurons display activation pattern that is quite distinct from that of DA neurons during appetitive tasks: While DA neurons largely respond discretely to rewardrelated stimuli, VTA GABA neurons display ramping activity upon reward-predicting cues and peak at the delivery of reward [248] . As discussed above in Section 3.2, prolonged anticipatory activity of DA is observed under certain condition [112, 113] . One possibility is that non-LHb sources provide excitatory inputs to both DA and GABA neurons during reward anticipation, and because of the inhibitory action of GABA neurons over DA neurons, DA neurons do not readily display prolonged anticipatory activity. Non-LHb sources such as the pedunculopontine tegmental region may be responsible for the phasic activity of DA neurons [249, 250] .
In contrast, RMTg GABA neurons do not display an activity pattern similar to VTA GABA neurons. RMTg GABA neurons, like LHb neurons, tend to become inactive upon reward-predicting stimuli [173] . The inhibitory action of GABAergic neurons over the VTA or RMTg neurons is consistent with behavioral findings that activation of VTA or RMTg GABA neurons is aversive [242, 251] , and their inactivation with local injections of mu-opioid-receptor agonists is rewarding [252, 253] . Although more precise understanding of circuitry is in order, this model explains how increased DA transmission in the DStr results in activation of EP-LHb neurons, which in turn, inactivate VTA and RMTg GABA neurons, thereby disinhibiting DA neurons and providing positive feedback.
Concluding remarks
Recent research has indicated that more extensive areas are involved in regulating DA-modulated motivational state than previously thought. We proposed a model that explains how increased and decreased concentrations of striatal DA induce reward and aversion, respectively, and regulate approach behavior. We also proposed a model that elucidates circuit loops affected by increased and decreased concentrations of striatal DA for regulation of motivation and mood. These models would help to stimulate research to better understand the roles of DA in motivational functions, drug abuse and affective disorders.
